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To understand the origin of the Higgs mass term in the Standard Model for elemen-
tary particles, we propose a scale invariant extension of the Standard Model. The
scalar bi-linear condensate, 〈S†i Sj〉, which forms due to non- abelian SU(Nc) gauge
interactions in the hidden sector, dynamically breaks the scale symmetry and trig-
gers electroweak symmetry breaking.
The N f complex scalar fields Si in the fundamental representation of SU(Nc) in the
hidden sector interact with the Standard Model sector only via a Higgs portal cou-
pling. In this dissertation we consider the N f = 2 model with U(1)×U′(1) flavor
symmetry. This symmetry can protect one complex scalar particle from the decay
so that it can be a Dark Matter candidate. Mean field approximation and path inte-
gral formalism are used to derive the effective Lagrangian, which makes possible to
calculate the relic abundance of the Dark Matter and to discuss its direct detection.
We find, from the cross section of the Dark Matter off the nucleon, that there is a
wide range of the parameter space in which the direct detection of the Dark Matter
is possible in future experiments.
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The Standard Model in particle physics has been a reference to a model of
matter in nature. It started in 1961 when Sheldon Glashow [1] proposed
to unify electromagnetic and weak interactions. His project was completed
by Weinberg [2] in 1967 and by Abdus Salam [3] independently in 1968.
Combined with Quantum Chromodynamics (QCD) for strong interaction,
together, the model is accepted as the Standard Model in particle physics.
The basic idea of this model is that all of the matters are composed of ele-
mentary particles, and they interact with each other through the exchange of
the particles. Constituent particles of matter are fermions, and particles that
mediate the forces among the fermions are gauge bosons. This model can
describe three interactions; strong interaction, weak interaction, and electro-
magnetic interaction, where gravity not included. The Standard Model is a
gauge theory based on the gauge group SU(3)c × SU(2)L × U(1)Y, whose
quantum numbers are called color, weak isospin, and hypercharge, respec-
tively. In the low energy, this gauge group breaks to SU(3)c ×U(1)em. All of
the particles masses in this theory originate from the spontaneous symmetry
breaking SU(2)L × U(1)Y, which requires the existence of a scalar particle,
called the Higgs particle.
Through the discovery of the Higgs particle in 2012 [4, 5], the Standard
Model becomes more established. Nevertheless, it widely admitted that this
model is not an ultimate model for elementary particles, because there are
several shortcomings. First of all, the model does not allow any finite neu-
trino mass. It has neither (cold) dark matter candidate nor provides an ex-
planation of the Baryon number asymmetry in the Universe. There are also
theoretical shortcomings: The Standard Model is a renormalizable quantum
field theory, and as such, it can not include gravity, because it is not known
yet how to quantize gravity theory consistently. Another theoretical prob-
lem, the hierarchy problem, is that we can not find any explanation why the
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electroweak scale (∼ 102 GeV) is 17 orders of magnitude smaller than the
Planck scale (∼ 1019 GeV). A related question is what the origin of the elec-
troweak scale is and whether it is stable against the radiative corrections. We
are particularly interested in this question because we think that an answer
of this question may carry us forward to solve the hierarchy problem.
In the Standard Model, the Higgs mass term (µ in the Higgs potential),
is put by hand from the start. This term is the only term that breaks the
scale invariance and is responsible for the spontaneous symmetry breaking
of SU(2)L ×U(1)Y. However, because it is put by hand, we cannot explain
its origin, in other word, there is no explanation of the origin of the Higgs
mass term within the framework of the Standard Model. One can solve this
problem in a scale-invariant extension of the Standard Model. There are two
approaches: The first one relies on the Coleman-Weinberg (CW) mechanism
[6], where the origin of the energy scale is the renormalization scale that
has to introduced unless scale anomaly is canceled. The other one based on
non-perturbative effects that break the scale invariance spontaneously; chiral
condensate [7, 8] and scalar bilinear condensate [9–11] in non-abelian gauge
theories. The electroweak scale, generated in this way, is stable against the
radiative corrections if the energy scale of the spontaneous scale symmetry
breaking is less than O(10 TeV) and there is no new physics in the interme-
diate energy scale between this scale and the Planck scale [12]. Note that
in our case the renormalization scale is the only scale in theory above the
energy scale of the non-perturbation condensation: There is no Higgs mass
term above the condensation scale.
In this dissertation, we focus on the scalegenesis based on the gauge in-
variant scalar-bilinear condensation in non-abelian gauge theory. This study
motivated from the desire to improve the model proposed in work [13], where
U(N f ) flavor symmetry is assumed. The model suffers from the problem that
because of the double role of the Higgs portal coupling the direct detection
rate of the Dark Matter tends to become too large compared with the experi-
mental upper bound. To save this model, we break the flavor symmetry and
look for a possibility to free the Higgs coupling from its double role: We look
for a new annihilation process of the Dark Matter to reduce its relic abun-
dance. Specifically, we consider the model with U(2) flavor symmetry which
broken into U(1)×U(1) symmetry.
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To deal with non-perturbative effects, we use the effective theory which
we derive from the self-consistent mean field theory as well as in the path
integral formalism. The effective theory will contain three new particles, one
real scalar, and one complex scalar, where the complex scalar is a Dark Mat-
ter candidate, and the real scalar is slightly heavier than the Dark Matter
candidate. All of them enter into the coupled Boltzmann equations, where
the co-annihilation of the Dark Matter particles into the real scalar particles
at finite temperature taken into account. Because of this co-annihilation and
of the decay of the real scalar particle into the Standard Model particles, the
relic abundance of the Dark Matter can be sufficiently suppressed, which
would not be possible if U(2) flavor symmetry would be unbroken. In this
way, we can suppress the direct detection rate of the Dark Matter to satisfy
the experimental constraints without increasing the relic abundance of the
Dark Matter. It will show that there is a wide range of the parameter space
in which the direct detection of the Dark Matter is possible in future experi-
ments.
This Dissertation divided into four chapters, where the second chapter
discusses the basics theoretical background. The Standard Model as a ba-
sic model for elementary particles, thermodynamics in equilibrium, and the
Boltzmann equation will be discussed briefly. The third chapter of this dis-
sertation addresses our main project; a scale-invariant extension of the Stan-
dard Model, where we introduce a hidden sector, which is described by an
SU(Nc) non-Abelian gauge theory coupled with N f complex scalar fields in
the fundamental representation of SU(Nc). The existence of a Dark Matter is
a byproduct of this model. Its relic abundance and direct detection are also
discussed in this chapter. The last chapter of this dissertation is devoted to
the concluding remarks, which is the summary of this dissertation.
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Short Note of the Background
Theory
From the necessity of an explanation of particle’s system in the non-relativistic
and relativistic system, around 20th centuries physicist try to build a theory

















where we set/ promote the dynamical variables to Hermitian operator (~p→
pˆ = −i∇ and E → Eˆ = i(∂/∂t)) and letting this operator act on wave
function Ψ. This equation called the Schrodinger equation, named after the
physicist Edwin Schrodinger, who in 1926 proposed it. Of course, in the rel-
ativistic system, the Schrodinger equation cannot be used because its based
on non-relativistic relation. For the relativistic case, our starting point is from
relativistic energy-momentum relation
pµpµ = E2 − ~p2 = m2, (2.3)
where energy-momentum four-vector operator is
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+∇2φ = m2φ. (2.4)
This equation proposed by Oskar Klein (1894-1977) and Walter Gordon (1893-
1939) in 1926 to describes relativistic electron for a spinless particle. For a
spin-12 system, we have Dirac equation which proposed by PAM Dirac in
Proceeding of Royal Society A in 1928. The basic strategy of this equation
was factorizing relativistic energy-momentum relation for something with
the form:
(pµpµ −m2) = (βκpκ +m)(γλpλ −m)
= βκγλpκpλ −m(βκ − γκ)pκ −m2
= γκγλpκpλ −m2 (2.5)
where it set βκ = γκ because the linear term in pκ is undesirable. In a more
detail term,
(p0)2 − (p1)2 − (p2)2 − (p3)2 = (γ0)2(p0)2 + (γ1)2(p1)2 + (γ2)2(p2)2 + (γ3)2(p0)2
+(γ0γ1 + γ1γ0)p0p1 + (γ0γ2 + γ2γ0)p0p2
+(γ0γ3 + γ3γ0)p0p3 + (γ1γ2 + γ2γ1)p1p2
+(γ1γ3 + γ3γ1)p1p3 + (γ2γ3 + γ3γ2)p2p3.
it can be seen that the solver equation must obey
(γ0)2 = 1, (γ1)2 = (γ2)2 = (γ3)2 = −1
γµγν + γνγµ = 0 (µ 6= ν)
or
{γµ,γν} = 2gµν.
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Note that each element of these matrices represent 2× 2 matrix with σi are the
Pauli matrices (i = 1, 2, 3). With this definition of γ matrices, the relativistic
energy-momentum relation becomes
(pµpµ −m2) = (γκpκ +m)(γλpλ −m) = 0.
Substituting pµ = i∂µ and apply it to the wave function (matrix column four
element), we get the Dirac equation
iγµ∂µψ−mψ = 0. (2.7)
For a particle with spin 1, it is described by the Proca equation
∂µFµν +m2Aν = 0 (2.8)
where Fµν = ∂µAν − ∂νAµ and Aµ is vector fields.
In the particle physics, a concern of the calculation is to calculate one or more
functions of position and time. Based on this ground, Lagrangian generally
used instead of Hamiltonian. From all of the basic equations above (the Klein
Gordon equation in eq.(2.4), the Dirac equation in eq.(2.7), and the Proca
equation in eq.(2.8)) we have Lagrangian (technically, a Lagrangian density)
L:






Dirac→ L = iψ¯γµ∂µψ−mψ¯ψ (2.10)






where ψ¯ = ψ†γ0 is adjoint spinor.
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2.1 Interaction term from Gauge symmetry
Basically, Lagrangian consists of rest mass energy and kinetic energy. To get
the interaction term, we must impose symmetry. There are two kinds of sym-
metry, the first one is global symmetry, and the second is local symmetry.
Let’s consider the Dirac Lagrangian
L = iψ¯γµ∂µψ−mψ¯ψ. (2.12)
If we take transformation
ψ→ ψ′ = eiqθψ , ψ¯→ ψ¯′ = ψ¯e−iqθ, (2.13)
transformed Lagrangian become
L → L′ = iψ¯′γµ∂µψ′ −mψ¯′ψ′
= iψ¯e−iqθγµ∂µeiqθψ−mψ¯e−iqθeiqθψ
= iψ¯γµ∂µψ−mψ¯ψ. (2.14)
Because transformed Lagrangian is the same as the original Lagrangian, so
its invariant under the transformation. This transformation called global
gauge transformation because it transforms in the same way in all space-
time points. Now, if we set phase factor different in each point, θ → θ(x), or
local gauge transformation,
ψ→ ψ′ = eiqθ(x)ψ , ψ¯→ ψ¯′ = ψ¯e−iqθ(x) (2.15)
and transform the Lagrangian, it not back to the original terms:
L → L′ = iψ¯′γµ∂µψ′ −mψ¯′ψ′
= iψ¯e−iqθ(x)γµ∂µeiqθ(x)ψ−mψ¯e−iqθ(x)eiqθ(x)ψ
= −qψ¯γµψ∂µθ(x) + iψ¯γµ∂µψ−mψ¯ψ (2.16)
or
L → L− qψ¯γµψ∂µθ(x). (2.17)
To make it invariant, we define a covariant derivative
Dµ = ∂µ − iqAµ (2.18)
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where Aµ transform with properties
Aµ → A′µ = Aµ + ∂µθ(x). (2.19)
Thus, with changing usual derivative to this covariant derivative in original
Lagrangian
L = iψ¯γµDµψ−mψ¯ψ. (2.20)
and act local transformation, the result will be invariant under local gauge
transformation
L → L′ = iψ¯′γµDµψ′ −mψ¯′ψ′














The price that should be paid for this step is we must introduce and include
the interaction term in the original Lagrangian (in this case is qAµψ¯ψ). In
other words, we can say that interaction terms are compensation of letting
things to be local invariant. To get the meaning of this equation of motion,
we should add Aµ some terms that describe kinetic term using the Proca
Lagrangian





Because the mass term is not invariant under the local gauge transformation,
we must set it equal to zero. The complete Lagrangian then become
L = iψ¯γµ∂µψ−mψ¯ψ− 116pi F
µνFµν + qψ¯γµψAµ. (2.22)
This Lagrangian called Maxwell-Dirac Lagrange density which underlying
quantum electrodynamics and its belongs to U(1) gauge group.
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2.2 SU(3) gauge theory in QCD
In QCD, start from the Dirac Lagrangian (non-interacting Lagrangian) three
colored quark model can be written as










 , ψ¯ = (ψ¯r ψ¯b ψ¯g) , (2.24)
and rewrite the Lagrangian like the original Dirac Lagrangian
L = iψ¯γµ∂µψ−mψ¯ψ. (2.25)
This Lagrangian is invariant under
ψ→ Uψ , ψ¯→ ψ¯U† (2.26)
where U is matrix constant, independent of x. Note that because this is
SU(3), U†U = 1 and detU = 1. For local gauge transformation, where
ψ→ U(x)ψ , ψ¯→ ψ¯U†(x) (2.27)
We should introduce new fields like in the last section, but this time we call
the vector fields: gluons. Based on the eight linearly independent generators
of SU(3) group, so we need eight gluons. In this case, we change derivative
to covariant derivative
∂µ → Dµ = ∂µ + igGaµ(x)
λa
2
= ∂µ + igGµ(x) (a = 1, 2, · · · 8) (2.28)
where λa are the Gell-Mann matrices and Gaµ(x) are eight real vector poten-
tials. In local gauge transformation Gµ(x) transform as
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Note that Gµ(x) = G†µ(x) and Gµ(x) are traceless. With this in hands, we
have local gauge invariant Lagrangian:
L = iψ¯γµDµψ−mψ¯ψ. (2.30)
In order to make a dynamical variable of the gluon, we introduce gluon field-
strength tensor





Then, the complete Lagrangian of this SU(3) gauge is
L = iψ¯γµ∂µψ−mψ¯ψ− 116piG
µνGµν − gψ¯γµψGµ (2.32)
This Lagrangian density is the Lagrangian that underlying QCD and its struc-
ture is very similar with the Lagrangian density of quantum electrodynamics.
2.3 Electroweak Symmetry and Spontaneous Sym-
metry Breaking
Weak interaction is the weakest interaction that included in the Standard
Model of particle physics. This interaction has some uniques properties, it
felt by all of the particles, has very massive mediators, violates parity, charge
conjugation, and CP, it can change the flavor too. In order to make a sym-
metry theory of weak interaction, we must unify it with the electromagnet
interaction. Consider:






In the Dirac Lagrangian, we can write





(1− γ5)→ ψ¯L = ψ¯12(1+ γ5)
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then





ψ¯(1− γ5)(1+ γ5)γµψ = 0
→ ψ¯LψL = 14 ψ¯(1+ γ5)(1− γ5)ψ = 0,
Dirac equation above becomes
L = iψ¯Rγµ∂µψR + iψ¯Lγµ∂µψL +m(ψ¯LψR + ψ¯RψL). (2.36)
From β-decay experiment, we know that neutrino doesn’t have the right-
handed part. For the left-handed part, the Standard Model form a doublet,

















eR, µR, τR, uR, dR, cR, sR, tR, bR (2.37)
In this theory, the left-handed parts have SU(2)L transformation, and all of
them (left handed and right handed part) have a U(1) transformation. Lets
consider only the left-handed parts of the first generation (eLνeL). If we make












where U is constant matrix 2× 2 (this is global transformation where U not
depend on coordinates) we have an invariant result, L → L. Now, if we











Wµ → UWµU† − igU∂µU
†
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we must introduce vector field to make it invariant. In the case of SU(2)






Covariant derivative of this case will have a term
Dµ = ∂µ + igWµ. (2.40)
To make a dynamics of this new field, we introduce matrix of field strengths
as





and the Lagrangian eq.(2.36) (ignoring mass term for a while and just con-
sidering the left-handed terms) becomes
L = 1
4
WµνWµν + iψ¯Lγµ(∂µ + igWµ)ψL (2.42)












eR → eiyRχeR , (2.43)








 = eiχYψ (2.44)
where
Y =
yL 0 00 yL 0
0 0 yR
 (2.45)
To make it invariant, as usual, we should introduce covariant derivative with
real vector Bµ and the accompanying gauge coupling constant,
∂µ → Dµ = ∂µ + ig′BµY (2.46)
14 Chapter 2. Short Note of the Background Theory
Because this is an abelian group, the dynamical term has a form:
Bµν = ∂µBν − ∂nuBµ (2.47)
From this and SU(2)L gauge in eq.(2.42), we can write the Lagrangian in




µν + iψ¯Rγµ(∂µ + ig′BµY)ψR
+iψ¯Lγµ(∂µ + igWµ + ig′BµY)ψL (2.48)
Now about the mass term that we ignored until now
m(ψ¯LψR + ψ¯RψL), (2.49)
it turns out must be set to zero, because if we do SU(2)L transformation, we
won’t touch the right-handed parts, and it makes not invariant.
Overall, we already found the electroweak Lagrangian, but all of them is
massless. To get the mass, we should include the Higgs mechanism. First,
consider scalar field (the Higgs field), φ = 1√
2
(φ1 + iφ2) with Lagrangian
L = (∂µφ)†(∂µφ)−V(φ). (2.50)
Interaction with vector field can be obtained by introducing the Yukawa La-
grangian
LYukawa. (2.51)
To make it invariant, we change derivatives of the Higgs field by covariant
derivatives
∂µφ→ Dµφ = (∂µ + igWµ + ig′BµyH)φ. (2.52)
Now consider potential of the Higgs, we assume it has terms:
V(φ) = µφ†φ+ λ(φ†φ)2 (2.53)
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To get the ground state, h, we must minimize this potential. In this case, we






















There are two possibilities of this solution. First, if we choose µ2 > 0, the
solution is trivial, we just set φ1 = φ2 = 0 as a ground state (〈φ1〉 = 0 and








If we draw this with φ1 and φ2 as the x-axis and y-axis respectively, and
Potential, V, as z-axis we will get a shape like Mexican hat (usually people
call it Mexican hat). In this case, we may choose



























If we expand this field near Vacuum Expectation Value (VEV), we will get
the Higgs mass (〈φ〉 = (νh + h)/
√
2). Now how about the unitary Gauge?
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with τi are matrix Pauli.
Thus after spontaneous symmetry breaking, potential term become
V(φ) = µ2φ†φ+ λ(φ†φ)2
= µ2φ′†U†Uφ′ + λ(φ′†U†Uφ′)2
























From this equation we can see that mass term of the Higgs particle is µ2 =
(125GeV)2. Generally speaking, we can write the Electroweak symmetry La-
grangian, which is unified two of four kind interaction, as



















LYukawa = f (e) l¯LψeR + f (u)q¯Lψ˜uR + f (d)q¯LψdR + h.c.
Now, lets seek mass spectrum term for bosons. From Lagrangian
(Dµφ′)2 = (Dµφ′)†(Dµφ′)
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cos θw sin θw
− sin θw cos θw
)
, sin θw =
g′√
g2 + g′2
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cos θw − sin θw













From this calculation, we have new particles, one is massive,Z0, and the other
is massless (photon, γ).
Noting that quark sector have strong forces that contain colors and both


















From the Lagrangian in this sector, we can get charged and neutral current
interaction. If we consider the interaction term in above the Lagrangian, we




















































































−e¯Rγµg′BµeR + u¯Rγµ 2g
′
3
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with the first term belongs to the charged current and the second term be-
longs to the neutral current. The charged current can be written as















and the neutral current can be written as
















A′3µ = cos θwZµ + sin θwAµ
B′µ = cos θwAµ − sin θwZµ
g = g′ tan θw
e = g sin θw
J0µ = J
3
µ − sin2 θw Jemµ
2.4 Thermodynamics equilibrium and Entropy
Thermal equilibrium is a good approximation for the early universe state. In
phase space distribution, number density n, energy density ρ, and pressure
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f (~p) = [exp((E− µ)/T)± 1]−1 (2.58)
is phase space distribution with plus sign belong to the Fermi-Dirac species
and minus sign belong to the Bose-Einstein species. From general properties:























































exp [(E− µ)/T]± 1dE (2.61)
In the relativistic case, where m T, we have several conditions. Now, let’s
focus on T  µ where we can neglect µ/T in the exponential term. For the
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In the pressure case, because we can neglect mass term like other cases, we








The difference is just in the constant term in the front of integral. So, the result









Note that for all particles at almost all times in the universe, the chemical po-
tential is much smaller than the temperature.
In the non-relativistic case, where m T, we can neglect ±1 in the denom-
inator of the distribution function. Thus, there is no difference between the
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From second to third row, we use the Taylor series where f (|~p|) = √|~p|2 +m2
can be approached by f (|~p|) = f (0) + f ′(0)|~p| + ( f ′′(0)/2!)|~p|2 + · · · ≈











































































nT ≈ mn (2.68)
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Last, for pressure, we use two Taylor series, first f (|~p|) = √|~p|2 +m2 ≈



























































































Because the energy density and the pressure of a non-relativistic species
(m T) exponentially smaller than the relativistic species (m T), thus the



























In T & 300 GeV, we have 8 gluons, W±Z0, 3 generation of quarks and lep-
tons, and one the Higgs doublet, in this case, temperature all of the particle
can be written as temperature of photon which act as T,
g∗ =
(






gquarks + gleptons + gν
)
= (16+ 4+ 2+ 2+ 4) +
7
8
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From the first law of thermodynamics, we know that heat is equal to in-
ternal energy added with work of the system,
TdS = d(ρV) + pdV. (2.74)
This equation can be written as




dT + (ρ+ p)dV (2.75)
or
TdS = d(ρV) + (d(pV)−Vdp)
= d ((ρ+ p)V)−Vdp. (2.76)

















































































If this relation we substitute to eq.(2.76) and using product rule of derivative
(ab)′ = a′b+ ab′
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From this result, we can conclude that entropy per comoving volume is (with-













In relativity point of view, energy density and pressure of non-relativistic
are exponentially smaller than relativistic species, by substitute Eq.(2.72) into



















































In general, the Boltzmann equation can be written as
Lˆ[ f ] = C[ f ] (2.84)
where Lˆ is Liouville operator and C is collision operator. In this case, the
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C[ f ] (2.85)






In the absent of interaction,
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n˙+ 3Hn = sR˙ (2.86)
Defining
x ≡ m/T

























then eq.(2.86) can be written as











where H(m) = (1/0.602)g1/2∗ m2/mPl. So, in general, the Boltzmann equa-






















C[ f ] (2.88)
2.5. Boltzmann equation 29
Now if we consider two particle that annihilate and becomes two others par-














× (2pi)4δ4(p1 + p2 − p3 − p4)|M|2










× (2pi)4δ3(p1 + p2 − p3 − p4)δ(E1 + E2 − E3 − E4)|M|2
× f3 f4[1± f1][1± f2]− f1 f2[1± f3][1± f4]
In this dissertation, we interested in system with temperature smaller than
E− µ, so the exponential in the Bose-Einstein and the Fermi-Dirac is large so
we can ignore ±1 in the denominator and the distribution become
f (E) = e−(E−µ)/T (2.89)
and in the absence of the Bose condensation and the Fermi degeneracy, the
Pauli blocking/ Bose enhancement factors can be ignored (1± f = 1± exp((E−
µ)/T)−1 ≈ 1).





where we use conservation energy, E1 + E2 = E3 + E4. From definition num-
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with this new definition, we obtain






























































× (2pi)4δ3(p1 + p2 − p3 − p4)δ(E1 + E2 − E3 − E4)|M|2 (2.95)
defined as thermal average cross section. For radiation dominated epoch,




































In the case of dark matter (WIMP scenario), two heavy particles (X) annihi-
late producing two light particles. These light particles can be assumed very
tightly coupled to the cosmic plasma, so they are completely in equilibrium
(chemical as well as kinetic). In our case, we can say that n3 = n4 = nl where
2.5. Boltzmann equation 31
nl = n
(0)




















For decaying process, we still have eq.(2.85). Right hand side of this form is




















× (2pi)4δ3(p1 − p2 − p3)δ(E1 − E2 − E3)|M|2
× f2 f3[1± f1]− f1[1± f2][1± f3]
Same like before, we interested in the system with temperature smaller than
E− µ, so the exponential in the Bose-Einstein and Fermi-Dirac is large so we
can ignore ±1 in the denominator and the distribution become like eq.(2.89).
In the absence of Bose condensation and Fermi degeneracy, the blocking and
stimulated factors can be ignored (1± f = 1± exp((E− µ)/T)−1 ≈ 1).





where we use conservation energy, E1 = E2 + E3. From definition number
density eq.(2.90), eq.(2.91), eq.(2.92), and eq.(2.93):
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× (2pi)4δ3(p1 − p2 − p3)δ(E1 − E2 − E3)|M|2 (2.100)
defined as decay width. For radiation dominated epoch, relation in eq. (2.87),































































Model with the hidden scalar field
In this Chapter, we will discuss the extension of Standard Model in which
we introduce hidden scalar field Sai (a = 1 · · ·Nc, i = 1 · · ·N f ) in the fun-
damental representation of SU(Nc) and here we assume U(1)N f symmetry.
In this chapter, we discussed the minimal model where N f = 2, so we have
U(1) × U′(1) flavor symmetry in the hidden sector. The link that connect-




†H. The scale in this model will take place from the ef-
fective potential of the hidden sector. Here, the basic idea of Nambu-Jona-
Lasinio (NJL) model [7, 8] in QCD is applied to formulate an effective the-
ory. To investigate the vacuum structure of the effective Lagrangian Leff,
mean field approximation and the auxiliary field method are used. Mass,
relic abundance and the spin elastic cross section of the dark matter, which
is the byproduct of this model, and the role of λHSi in this calculation will be
discussed.
3.1 Basic Lagrangian and Effective Lagrangian



























where the covariant derivative has form DµSi = ∂µSi − igHGµSi, with Gµ
being the gauge field of SU(Nc), and Fµν is the field strength tensor of Gµ
(Fµν = ∂µGν − ∂νGµ + ig[Gµ,Gν]). The last term in the Lagrangian (L′SM)
contains the Standard Model gauge and Yukawa interaction, which means
there is no term that violates the scale invariance in this Lagrangian. From
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this Lagrangian, we can see that the hidden scalar field (Si) can only interact
with the Higgs particle through the Higgs portal coupling (λˆHSi). We made
an assumption that the origin of the EW scale is a scalar-bilinear condensa-
tion,






j 〉 = fij, (3.2)
that originates from that strongly interacting SU(Nc) gauge interaction and
triggers the EW symmetry breaking through λˆHSi . This condensation (eq.(3.2))
is responsible for creating the mass term for Si. This non-perturbative phe-
nomena of condensation have been studied in [13–15]. In this dissertation,
we will focus on the minimal model, N f = 2. We assume that the U(2) fla-
vor symmetry is explicitly broken into its subgroup. Then the U(1)×U′(1)
symmetry transformation has the form
U(1)→ S1 → eiθS1 , U′(1)→ S2 → e−iθS2,





with i 6= j). From here, with suppressing L′SM and kinetic term for H, we












































λ1 = λS11 + λ
′
S11 ,λ2 = λS22 + λ
′







The Lagrangian above has the global SU(Nc)×U(1)×U′(1) symmetry and
the classical scale invariance. Note that the coupling constants inLeff (eq.(3.3))
are not the same as the coupling constants in LH (eq.3.1) even the structure
of the quartic coupling is same.
3.2 Mean Field Approximation Lagrangian LMFA
In this section, we will show there are two ways to obtain LMFA, The first one
is from the Self-consistent mean-field approximation, and the second one is
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from the path integral formalism, or known as the auxiliary field method of
Hubbard-Stratonovich transformation [16, 17].
In the first case, we start by dividing the effective Lagrangian into two
parts Leff = LMFA + LI , where LI is normal ordered. First we define the
mean field f and φ as:
〈0|S†i Sj|0〉 = S†i Sj = fij + tajiφa,























From this equation we have
S†1S1 = f1 + t
a
11φ




S†2S2 = f2 + t
a
22φ
a = f2 − 12φ
3 = f2
















(φ1 − iφ2) = 1√
2
φ+,
where we have redefine f1, f2, φ1, and φ2, with φ3 absorbed to f , φ− =
1√
2
(φ1 + iφ2), φ+ = 1√
2
(φ1− iφ2), and f12 = f21 = 0 because its not invariant.
From the Wick theorem,










i Sj : S
†
kSl : + : S
†



























kSl − S†i SjS†kSl (3.4)
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with the assumption that the contraction is performed color singlet only.


















































Here, with inserting all of the above result to the effective Lagrangian (3.3),






















































M210 = 2λ1 f1 + λ12 f2 − λHS1H†H
M220 = 2λ2 f2 + λ12 f1 − λHS2H†H. (3.8)
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The second way to obtain this Lagrangian is to use the path integral for-










by multiplying it with the Gaussian integral
∫














































+ λ1( f1 − S†1S1)2 + λ2( f2 − S†2S2)2 − λ1(S†1S1)2
− λ2(S†2S2)2 − λ12
(



















+ λ1( f ′1)




















f ′1 = f1 − S†1S1 , f ′2 = f2 − S†2S2
φ′− = φ− −
√
2S†1S2 , φ
′+ = φ+ −
√
2S†2S1 (3.10)
are shifted field. From this equation, it is easy to obtain the auxiliary La-
grangian, LA. We just need to extract it with the effective Lagrangian because
this equation is a sum of Leff and LA. Thus, from eq.(3.9), we can obtain LA
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(note that φ+ = (φ−)∗):




Now, armed with eq.(3.3), eq.(3.10), and eq.(3.11), we are ready to obtain
LMFA from Leff using the path integral formalism. First, consider the action










As a next step, we shift the auxiliary fields according to
f1 → f1 − S†1S1 , f2 → f2 − S†2S2
φ− → φ− −
√
2S†1S2 , φ
+ → φ+ −
√
2S†2S1.



















with M210 and M
2
20 already given by eq.(3.8).
3.3 Effective Potential in Mean field Lagrangian
In calculating the effective potential below, we make an assumption that the
hidden color symmetry SU(Nc) and the flavor symmetry U(1) ×U′(1) are
unbroken. That is, 〈Si〉 = 0 and 〈S†1S2〉 = 〈φ+〉/
√
2 = 〈S†2S1〉 = 〈φ−〉/
√
2 =
0. To calculate the effective potential we expand Si around the homogeneous
background, Sa1 → S¯1 + η1 and Sa2 → S¯2 + η2,∫





























3.3. Effective Potential in Mean field Lagrangian 39
Lets look at each term, in the first term, we have:





= η†1(∂µη1)|boundary − η†1∂2η1 + η†2(∂µη2)|boundary − η†2∂2η2
= −η†1∂2η1 − η†2∂2η2.
We can see that the partial derivative of Si can be written as that of ηi. In the
second and third terms we have
−M210(S†1S1)−M220(S†2S2) = −M210(S¯†1S¯1 + η†1 S¯1 + η1S¯†1 + η21)
−M220(S¯†2S¯2 + η†2 S¯2 + η2S¯†2 + η22).
The fourth, fifth, sixth, eighth terms do not change. The terms that are linear
in η vanish (tadpole diagram), and the path integral for the terms that are
quadratic in η is a Gaussian integral. The seventh term yield terms quadratic
in η1 and η2, so that they may contribute to the effective potential. However,
because we assume that U(1)×U′(1) symmetry is unbroken, vacuum expec-
tation value of φ± should vanish, and therefore that seventh term does not
contribute to effective potential. Thus, from all of these calculations, the path
integral of η, η†, and fi becomes∫
D f1D f2Dη†1Dη1Dη†2Dη2 exp
[
−η†1∂2µη1 − η†2∂2µη2
−M21(η†1η1)−M22(η†2η2) + λ1 f 21 + λ2 f 22 + λ12 f1 f2 − λH(H†H)2
]
.














the partition function can be written as
Z =
∫
D f1D f2 exp
[
λ1 f 21 + λ2 f
2
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where ΛH = µe−3/4 is a renormalization scale at which the quantum correc-
tions vanish and in the third row, γ ≈ 5.772 is Euler-Mascheroni constant.
Now if we put eq.(3.15) to eq.(3.14)
Z =
∫
D f1D f2 exp
[
λ1 f 21 + λ2 f
2


















VMFA( f1, f2, H) =− Γ[S¯, f , H]VT


















3.4 Mean field vacuum and Higgs mass
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from which, we obtain:

















From this equation, we can see that if 〈 fi〉 = 0 then 〈M2i0〉 = 0. Note also






< 0 except that 〈 fi〉 = 〈M2i0〉 = 0. Then, the second equation,
the derivative respect to νh gives
∂
∂νh



























































2λH〈H†H〉 =λHS1〈 f1〉+ λHS2〈 f2〉., (3.20)
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where we have use eq.(3.19). This equation tells us that if 〈H†H〉 = 0, 〈 f1〉
and 〈 f2〉 must be zero too because λH and λHSi are assumed to be positive.
Substituting eq.(3.19) and eq.(3.20) to the mean-field approximation potential
in eq.(3.17), we obtain the minimum vacuum of the potential
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− λHSi〈 fi〉. (3.22)
If we set 〈H†H〉 = 0, then 〈 f1〉 and 〈 f2〉 must be zero, and this is consis-







> 0, the non-vanishing
〈 fi〉 and 〈H†H〉 correspond to the true minimum of the potential. Note that
〈 fi〉 6= 0 and 〈H†H〉 6= 0 will used here.
For a given set of λ1, λ2, λH, λHS1, λHS2,ΛH, and Nc we can now compute
vh and the Higgs mass (m2h0). We adjust this parameters such that vh equal to
246 GeV and mh0 = 135 GeV. A benchmark set of this parameters is given by
λ1 = 2, 135, λ2 = 2, 135, λ12 = 0, 2548, λH = 0.15,
λHS1 = 0.013, λHS2 = 0, 012675, Nc = 6, ΛH = 0.1198. (3.23)
With introducing fluctuations about the mean-field vacuum
fi = 〈 fi〉+ σi (3.24)
44 Chapter 3. Model with the hidden scalar field
















where χs are Nambu-Goldstone fields which are suppressed in the following





−M2i (S†i Si) +
λ′12
2
φ+φ− + λ1σ21 + λ2σ
2
2 + λ12σ1σ2
+λ1 f 21 + λ2 f
2
2 + λ12 f1 f2 − (2λ1σ1 + λ12σ2) (S†1S1)










(S†i Si)h(2νh + h)−
λH
4
h2(6ν2h + 4νhh+ h
2), (3.26)
where
M21 = 〈M210〉 = 2λ1〈 f1〉+ λ12〈 f2〉 − λHS1ν2h/2 (3.27)
M22 = 〈M220〉 = 2λ2〈 f2〉+ λ12〈 f1〉 − λHS2ν2h/2. (3.28)
As mentioned above, there is a one loop contribution to the Higgs mass




















where nI is the degree of freedom of the corresponding particle (nW = 6,
nZ = 3, nt = 12, and nh = 1) and c.t. denotes counter terms. Employing
the dimensional regularization and choosing the counter terms such that the
following normalization conditions at vh = 246 GeV are satisfied,
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where


















mW = 80.4 GeV, mZ = 91.2 GeV, mt = 173.2 GeV, mh = 125 GeV.
(3.34)













h ≈ 125.8 GeV. (3.36)
3.5 Inverse propagators and masses
Setting the inverse propagator to Γ(p2 = m2) = 0 will led to the dark mat-
ter mass, from this calculation we can get the corresponding wave function
renormalization constant, too. Let’s start with the φ+φ− inverse propagator.




FIGURE 3.1: Diagram for the inverse propagator φφ
The corresponding diagram is shown in Fig.3.1, in the first term, we can see
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For the one-loop diagram, the internal lines are S1 and S2 propagators re-









































































(l − q)2 −M22
,









(l − p)2 −M22
. (3.38)









for the above case:
xA+ (1− x)B = x(l2 −M21) + (1− x)
[
(l − p)2 −M22
]
= x(l2 −M21) + (l − p)2 −M22 − x(l − p)2 + xM22
= (l − (1− x)p)2 − (1− x)2p2 − (1− x)M22 −M21x− xp2
= l′2 − ∆, (3.40)
where
l′ = l − (1− x)p
∆ = M21x+ (1− x)M22 − (1− x)p2x, (3.41)
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(l′2 − ∆)2 .
Using the Wick rotation, which is a rotation by an angle pi/2 from the real
axis to imaginary axis for the time/energy component of a 4-vector. In the
euclidean space this rotation has the forms:
p0 =iω → p2 = −(ω2 + p2) = −p2E , d4p = idωd3p = id4pE
x0 =− iτ → x2 = −(τ2 + x2) = −x2E , d4x = −idτd3x = −id4xE
∂0 =i∂τ → (∂2τ +∇2) = −∂2E , (∂µφ)2 = −[(∂τφ)2 + (∇φ)2]. (3.42)

























− ln∆− γ+ ln 4pi
)



































































2 and t = p



























































































2)− Γ(M2i , M2i , 0)
]
. (3.52)
From Γφ(p2), we obtain the dark matter mass. Using arctan A− arctan B =















−M21 − (M22 − p2)2 + 2M21(M22 + p2)
arctan
√















Γφ is plotted as a function of p2, where zero is located at p2 = 4.408 for a
set parameter given in eq.(3.23) and the physical of the Dark Matter, in this
case, is 2, 1 TeV. The wave function renormalization constant, which has the
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FIGURE 3.2: Inverse propagator diagram of Γ11, Γ22, Γ12, Γh1,
Γh2, and Γh
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FIGURE 3.3: Γφ as a function of p2.
canonical dimension two is found to be
Z−1φ = (dΓφ/dp
2)|p2=mDM = 0.0286. (3.54)
Now, to obtain the σ1 and σ2 masses, we look for the zeros of the determinant













9.32Λ2H (these masses is the dimensional ones). Or, if we use 3× 3 matrix, we
have Fig.(3.5) with the same result.







FIGURE 3.4: The determinant of eq.(3.55) as a function of p2.
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Strictly speaking, since the Higgs mixes with σ1 and σ2, we have to con-







The squared masses are defined by zeros of det Γ(p2). In this case, we define
that
mH > mL > mh.
Γ is plotted in Fig.(3.5), from which we obtain m2h = 0.01561, m
2
L = 4.62, and
m2H = 9.316, or mh = 0.125 TeV, m
2
L = 2.1 TeV, and mH = 3.05 TeV.
To obtain wave function renormalization of σL, σH, and h′, we diagonalize
Γ(p2) at each p2 = m2a and denote the eigenvector with the zero eigenvalue
by ~ξ(a)(a = H, L, h). The matrix that links σi and the Higgs h to the mass
































From this calculation, we obtain Z−1σH = 0.189, Z
−1
σL










































3.6 Effective Lagrangian of Dark Matter
We calculate the relic abundance of Dark Matter and its interaction with the
Standard Model particles from the effective interaction, which we can obtain
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FIGURE 3.5: Determinant of eq.(3.58) Γ as a function of p2
from the corresponding diagram with zero external momenta. Generally, we
can write the Lagrangian as




′ + 12 GˆσhσLh
′2, (3.59)
where GAB (A, B = φ, σ, h) are the effective coupling constants up to and
including O(λHSi). All of the diagrams contributing to GAB are displayed
on Fig.3.6 . This new Lagrangian can be obtained from LMFA which is writ-
ten in terms of the mass eigenstates σL, σH, and h′. Substituting eq.(3.58) in



















































































FIGURE 3.6: One-loop diagrams contributing to the effective
interaction among φ±, σL and h′






−M2i (S†i Si) +
λ′12
2
φ+φ− + λ1 f 21 + λ2 f
2







































































































































(S†i Si)h(2νh + h)
− λH
4
h2(6ν2h + 4νhh+ h
2) (3.60)
We consider as the first case the first diagram shown in Fig.3.6. This diagram






































where D = l2 − ∆. Using the Feynman parameterization,
D = w(l2 −M21) + x(l2 −M21) + y(l2 −M21) + z(l2 −M22)
= (1− x− y− z)(l2 −M21) + x(l2 −M21) + y(l2 −M21) + z(l2 −M22)
= l2 −M21 + z(M21 −M22)
= l2 − ∆
with ∆ = M21 − z(M21 −M22) and the integral∫ d4l
(2pi)4
1
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As for the second diagram in Fig.3.6, the calculation is a same, the only dif-















































where D = l2 − ∆ as before. Using the Feynman parameterization:
D = w(l2 −M21) + x(l2 −M21) + y(l2 −M22) + z(l2 −M22)
= (1− x− y− z)(l2 −M21) + x(l2 −M21) + y(l2 −M22) + z(l2 −M22)
= l2 −M21 + (y+ z)(M21 −M22)
= l2 − ∆
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λ21LF1(M1, M2) + λ
2
2LF1(M2, M1)


















































, for M2 = M1 (3.72)













, for M2 = M1 (3.73)











, for M2 = M1 (3.74)
All of these results will be needed to evaluate the thermally averaged cross
sections and the interaction with the nucleon in the next section.
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3.7 Relic Abundance and The Spin Independent
Cross Section
In this section, we first consider the evolution of YσL and Yφ (the number
density over entropy). To this end, we use the result obtained in Chapter
2.5 and also the last section. The thermally averaged cross section defined
in eq.(2.95) for the annihilation processes of σL into φ±, and the thermally








] {〈σ(σLσL; SM)v〉(YσLYσL − Y¯σLY¯σL)




















〈σ(φ+φ−; SM)v〉(YφYφ − Y¯φY¯φ)






where 1/µm = 1/mL + 1/mDM. In the evolution of YσL eq.(3.75), we have
two main parts, the first one is the contribution from the annihilation into






FIGURE 3.7: The annihilation of σL into φ+φ−
Now, let’s calculate the thermally averaged annihilation cross sections of
σL into φ+φ−. FromMDM given in eq.(3.59) we first find |M|2 = G2φσ. Then,




















(2pi)4δ4(pσL + pσL − pφ+ − pφ−)G2φσ exp (−EσL/T) exp (−EσL/T) .
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Here, we approximate that the incoming momenta are zero, and using the






















δ(EσL − Eφ+)G2φσ exp (−EσL/T) exp (−EσL/T) .


























































0+m2σL = mσL , we obtain the thermally



































(pφ+ + pφ−)2 −m2h
(2pi)4δ4(pφ+ + pφ− − pW+ − pW−),




























FIGURE 3.8: Annihilation of Dark Matter φ into the Standard
Model particles
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where, g = 2M2W/νh and pφ+ + pφ− = 2mDM. Because we want to calculate


























































































s is the center of mass energy. Now, for the thermal average cross
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Then setting Eφ+ = Eφ− , EW+ = EW− , and assuming that the incoming mo-


















































































62 Chapter 3. Model with the hidden scalar field





































































































































In the case 〈σv〉 for φ+φ− → ZZ, we have the same result except for a 1/2






















For φ+φ− → hh, we have to compute the last three diagrams in Fig.3.8.
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and from this result we obtain


















For φ+φ− → tt, with the same pattern of calculation, we obtain








































FIGURE 3.9: The diagrams contributing the annihilation cross
section of σL into the Standard Model particles






















FIGURE 3.10: The diagrams contributing the decay width of σL
The thermally averaged annihilation cross section and decay width for σ
can be calculated in a similar way. The corresponding diagram are shown in





〈σ(φLφL; SM)v〉 = 132pim2DM ∑I=W,Z,t,h
(1−m2I/m2DM)1/2
× aI(Gφh,mDM), (3.86)
〈σ(σLσL; SM)v〉 = 132pim2L ∑I=W,Z,t,h
(1−m2I/m2L)1/2
× aI(Gσh,mL), (3.87)
〈γ(σL)〉 = 116pimL ∑I=W,Z,t
(1− 4m2I/m2L)1/2











































Here g = 0.65 is the SU(2)L gauge coupling constant, and
∆h(m) = (4m2 −m2h)−1(∆h(m)t = (−2m2 +m2h)−1) (3.90)










FIGURE 3.11: Yφ, Y¯φ, YσL , and Y¯σL as a function of x = µm/T
The plot of the coupled Boltzmann equation is displayed in Fig.3.11, where
we use:
mDM = 500 GeV, mσL = 550 GeV, 〈σ(σLσL; φ+φ−)v〉 = 5.2× 10−6 GeV−2
〈σ(σLσL; SM)v〉 = 10−11 GeV−2, 〈σ(φ+φ−; SM)v〉 = 10−11 GeV−2
〈γ(σL)〉 = 10−9 GeV.
In this graph, we see that Yφ (or YσL) and Y¯φ (or Y¯σL) have the same value at
the beginning, but then Yφ (or YσL) separate from the equilibrium values as x
increases. The Dark Matter particle number over entropy becomes constant
(Freeze out), while σ − L decreases with the speed slower than the equilib-
rium value.
Relic abundances for σL and φ± can be obtained from YσL;∞ ≡ YσL(x = ∞)
and Yφ;∞ ≡ Yφ(x = ∞) in the coupled Boltzmann equations (eq.(3.75) and







where gσL,φ is the degree of freedom of σL, φ, s0 = 2890 cm
−3 is the en-
tropy density at present, and ρc/h2 = 1.05× 10−5 GeV/cm3 is the critical en-
ergy density over the dimensionless Hubble constant at present [18]. When
〈γ(σL)〉 is sufficiently large, YσL may be approximated by its equilibrium















× (YφYφ − Y¯φY¯φ) . (3.92)
From this equation, if mL  mDM, then the second term is neglected or sup-
pressed. So mL must be nearly equal to mDM to make it effectively increases
the annihilation rate of the Dark matter. In the Dark matter case, relic abun-
dance must be at certain value, which is ΩDM ' 0.12, thus if the second
term in the above equation suppressed, we must set λHSi big, to fulfill this
value. However, if the second term is efficient, we can loosen the value of
λHSi which is useful when we consider the spin-independent elastic cross
section.
In order to compare this model result with the WIMP DM direct-detection
search experiment [20–22], evaluation of the spin-independent elastic cross
section of the nucleon σSI is done in [19]. Here, the spin-independent elastic













where mN ' 940 MeV is the nucleon mass and rˆ ∼ 0.3 originated from the
nucleonic matrix element [24–26]. Here, the parameter space where vh =
246 GeV, mh = 125 GeV, and ΩDMh2 ' 0.12 are satisfied. From all of this
data, eq.(3.91) can be written as a constraint with form:
mDMYφ;∞ = 4.35986× 10−10 GeV (3.94)
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FIGURE 3.12: The Spin-Independent cross section in the case of
U(2) (red), U(1)×U′(1)×Z(2) (blue), and U(1)×U′(1) (pink)
[19]
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and eq.(3.93), which is the main equation to produce Fig.(3.12), can be written
as:





There are several constraints to obtain λs values other than those mentioned











The third is the constraint data where it used the values of mh = 125 GeV
and vh = 246 GeV, where these values are bounding of the value of λ1,
λ2, λ12, λ′12, λHS1, λHS2, λH, and ΛH. The fourth is the value of 〈 fi〉 and
〈Mi0〉 are not allowed to be negative. In this calculation, the value of λH is
set around 0.145− 0.153, λHSi is around 0.05− 0.2, and λ12,λ′12 are around
0.01 − 4. The result of this model in U(1) × U′(1) symmetry is given in
Fig.3.12 with the pink points. We can see from eq.(3.95) that σSI depend on
the Gφh which is proportional to λHSi, from this relation we have to set λHSi
not too big to make σSI overcome the constraint from the direct detection
experiment. However, we know that relic abundance of the Dark matter de-
pend on 〈σ(φ+φ−; SM)〉 which also proportional to λHSi. To fulfill the value
that given in eq.(3.94), λHSi must be big. However, thanks to the second term
in the eq.(3.92), as long as this second term is efficient, the mass of σL is nearly
proportional to Dark matter mass, we can loosen the value of 〈σ(φ+φ−; SM)〉
which mean loosen the value of λHSi.
In this figure, the green and yellow bands denote the 1σ and 2σ bands
of XENON1T [27], respectively. The black dashed, solid, and dotted line
inside of the green bands stand for the current upper bound from the direct
detection experiments of LUX [28], XENON1T [27], and PandaX-II [29]. Here,
the U(2) flavor symmetry which shown by the red dot, is almost excluded
because it does not have much points below the constraint that given by the
experiments. Enlarging the model with the permutation symmetry, U(1)×
U′(1) × Z2, which requires λ1 = λ2 and λHS1 = λHS2 in Leff from eq.(3.3)
also shown. This model enlargement also has a good result like U(1)×U′(1)
symmetry because of it still far from the given constraint. Single-scalar model




We have considered a scale-invariant extension of the Standard model with
introducing the hidden sector described by an SU(2) gauge theory with the
scalar fields Sai (a = 1 · · ·Nc, i = 1 · · ·N f ) in the fundamental representation
of SU(Nc) and U(1)N f . Here we restrict ourself to the minimal model, i.e.,
N f = 2 and set Nc = 6. We assume that the origin of the electroweak scale is
a scalar-bilinear condensation 〈S†i Sj〉 which forms due to the SU(Nc) gauge
interaction. From this scaleless Lagrangian, we have shown that mass can be
generated from massless Lagrangian, where scale is generated by quantum
effect within scaleless effective theory (eq.(3.3)) of the hidden sector. This
scale characterizes the origin of the scales of both the hidden sector and the
electroweak sector.
By using mean field approximation and auxiliary method, we investigate
the vacuum structure of the effective Lagrangian Leff. From this discussion,
by setting some parameters we obtain the term of the Higgs mass squared
m2h0 with the value 135GeV. After considering one loop contribution from the
standard model sector, δm2h, we obtain the Higgs mass 125.8 GeV in eq.(3.36).
As a byproduct of this model, three new particles φ, σL, and σH introduced
with assumption mσH > mσL > mφ where the lightest particle (the complex
scalar particle) considered as a dark matter candidate. Mass of the Dark mat-
ter particle has been calculated by calculating its inverse propagator and set
it equal to zero, this inverse propagator also used to calculate the wave func-
tion renormalization. Relic abundance and the interaction of the dark matter
particles with the Standard model particles were evaluated where the effec-
tive interaction of dark matter and the other particles obtained by setting the
external momenta equal to zero.
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To evaluate relic abundance, we encounter the coupled Boltzmann equa-
tion that describes the evolution of the number density of σL and φ particles
over entropy density (eq.(3.76) and eq.(3.75)). By solving this coupled Boltz-
mann equation, we obtain Fig.3.11 which tells us about the evolution of the
number of particles over entropy density (Yi) over x = µm/T. From this
graph, we see that in the small x, YσL(Yφ) coincides with its equilibrium state
Y¯σL(Y¯φ), and after some value, they parted away with its equilibrium state.
Yφ becomes constant after some value of x, on the other hand YσL still goes
down but with a slower speed compared with its equilibrium state. After
some value, we can make an approach and assume YσL ≈ Y¯σL and from this
we can obtain the approximation expression that given by eq.(3.92). In this
equation, the second term will have an effective role if the mass of σL is big-
ger but nearly equal to dark matter mass mDM, because its much larger than
dark matter mass it will be suppressed and do not have a contribution. Higgs
portal coupling, λHSi, which introduced in this model, not only useful as a
bridge between the standard model sector and the hidden sector but also
important in the dark matter case. This λHSi has a double role in the relic
abundance calculation in eq.(3.91) which is loosened its value by the exis-
tence of second term in eq.(3.92) as long as this term is effective, and in the
calculation of the spin independent in eq.(3.93).
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